[1] Deep sea sediment samples from the South Atlantic Ocean were analyzed for soot black carbon (BC), total organic carbon (TOC), stable carbon isotope ratios (d 13 C), and polycyclic aromatic hydrocarbons (PAHs). Soot BC was present at low concentrations (0.04-0.17% dry weight), but accounted for 3-35% of TOC. Fluxes of soot BC were calculated on the basis of known sedimentation rates and ranged from 0.5 to 7.8 mg cm À2 a À1 , with higher fluxes near Africa compared to South America. Values of d 13 C indicated a marine origin for the organic carbon but terrestrial sources for the soot BC. PAH ratios implied a pyrogenic origin for most samples and possibly a predominance of traffic emissions over wood burning off the African coast. A coupled ocean-atmosphere-aerosolclimate model was used to determine fluxes of BC from 1860 to 2000 to the South Atlantic. Model simulation and measurements both yielded higher soot BC fluxes off the African coast and lower fluxes off the South American coast; however, measured sedimentary soot BC fluxes exceeded simulated values by $1 mg cm À2 a À1 on average (within a factor of 2-4). For the sediments off the African coast, soot BC delivery from the Congo River could possibly explain the higher flux rates, but no elevated soot BC fluxes were detected in the Amazon River basin. In total, fluxes of soot BC to the South Atlantic were $480-700 Gg a À1 in deep sea sediments. Our results suggest that attempts to construct a global mass balance of BC should include estimates of the atmospheric deposition of BC.
[1] Deep sea sediment samples from the South Atlantic Ocean were analyzed for soot black carbon (BC), total organic carbon (TOC), stable carbon isotope ratios (d 13 C), and polycyclic aromatic hydrocarbons (PAHs). Soot BC was present at low concentrations (0.04-0.17% dry weight), but accounted for 3-35% of TOC. Fluxes of soot BC were calculated on the basis of known sedimentation rates and ranged from 0.5 to 7.8 mg cm À2 a À1 , with higher fluxes near Africa compared to South America. Values of d 13 C indicated a marine origin for the organic carbon but terrestrial sources for the soot BC. PAH ratios implied a pyrogenic origin for most samples and possibly a predominance of traffic emissions over wood burning off the African coast. A coupled ocean-atmosphere-aerosolclimate model was used to determine fluxes of BC from 1860 to 2000 to the South Atlantic. Model simulation and measurements both yielded higher soot BC fluxes off the African coast and lower fluxes off the South American coast; however, measured sedimentary soot BC fluxes exceeded simulated values by $1 mg cm À2 a À1 on average (within a factor of 2-4). For the sediments off the African coast, soot BC delivery from the Congo River could possibly explain the higher flux rates, but no elevated soot BC fluxes were detected in the Amazon River basin. In total, fluxes of soot BC to the South Atlantic were $480-700 Gg a À1 in deep sea sediments. Our results suggest that attempts to construct a global mass balance of BC should include estimates of the atmospheric deposition of BC.
Introduction
[2] Black carbon (BC) is a summary term for heterogeneous, aromatic and carbon-rich compounds, which are also recalcitrant in the environment [Goldberg, 1985] . Soot BC particles are formed by the condensation of small aromatic moieties in the gas phase of high-temperature combustion processes. Chars result from incomplete combustion of solid fuels, (e.g., trees, grass) for which the cellular structure of the original material remains visible. In contrast, charcoals are the solid residues of coal combustion for which the cellular structure is not visible anymore. Chars and charcoal are not as stable as soot-like BC in the environment [e.g., Elmquist et al., 2006; Nguyen et al., 2004] .
[3] Globally, the main emission sources of BC are forest fires, biomass burning and fossil fuel utilization, mostly located in Africa and Southeast Asia [Bond et al., 2004; Cooke et al., 1999] . BC plays a major role in climate change estimates through its direct and indirect effects on radiation budgets and changes in albedo [e.g., Crutzen and Andreae, 1990; Schult et al., 1997] . BC fluxes are also an important part of the global carbon cycle [Kuhlbusch and Crutzen, 1995; Kuhlbusch, 1998; Seiler and Crutzen, 1980 ]. An ''ideal'' complete combustion process would release all carbon as CO 2 , and make it available for subsequent biological uptake. In reality, combustion processes are always incomplete. The burning of fossil fuels and biomass produces BC particles, and thus transforms this otherwise rapidly cycling organic carbon (OC) into BC [Bird and Cali, 1998; Seiler and Crutzen, 1980] . This process removes atmospheric carbon from the active carbon cycle, at least on short geological timescales of hundreds to thousands of years [e.g., Bird et al., 1999; Kuhlbusch and Crutzen, 1995; Schmidt et al., 2002] . Knowing the amount of carbon temporarily ''locked away'' as BC is important in our understanding of carbon fluxes, which is a key part of being able to project future climates. Many studies have focused on measuring, predicting and understanding the atmospheric emissions, presence and effects of BC particles [e.g., Bond et al., 2004; Cooke et al., 1999; Hansen et al., 2005; Ito and Penner, 2005; Kinne et al., 2003; Sato et al., 2003; Seiler and Crutzen, 1980] .
[4] The South Atlantic Ocean is of particular interest in this regard, as it is situated in between two continents that are strongly impacted by biomass burning and natural fires [Bond et al., 2004; Cooke et al., 1999] . Atmospheric transport distributes these emission plumes, especially from Africa, across the South Atlantic [Crutzen and Andreae, 1990] resulting in the deposition of BC particles to the ocean basin [Cooke et al., 2002] . Indeed, the long-range transport and atmospheric deposition of BC was observed in dust collected on a buoy off the coast of Africa [Eglinton et al., 2002] .
[5] While the emission and deposition of BC for the recent past has been examined in model studies [e.g., Stier et al., 2005 Stier et al., , 2006 , only few studies have been conducted to verify these computations by actually measuring the records of these fluxes in the environment [e.g., Elmquist et al., 2007] . Several studies have been presented with a high temporal resolution by analyzing carbonaceous particles in ice cores from alpine glaciers [Jenk et al., 2006; Lavanchy et al., 1999] . However, little work has been conducted to establish regional budgets of BC fluxes. Most marine BC research to date has been carried out in coastal environments [e.g., Cornelissen et al., 2005; Lohmann et al., 2005; Mannino and Harvey, 2004] , while little attention has been paid to regional or global scales. Notable exceptions are studies of soot BC fluxes on the New England coastal shelf [Gustafsson and Gschwend, 1998 ], the Pan-Arctic Rivers [Elmquist et al., 2008] , and a study looking at the importance of the Mississippi River in delivering soot BC to the Atlantic Ocean [Mitra et al., 2002] . Schmidt and Noack [2000] and Kuhlbusch [1998] summarized global BC budgets and hypothesized that deep sea sediments are major sinks of BC. However, these estimates were based on an extremely limited sample size of a few sediments per ocean basin.
[6] BC displays high affinities for planar aromatic compounds, especially polycyclic aromatic hydrocarbons (PAHs) [e.g., . During atmospheric transport, PAHs preferentially adhere to BClike particles [Dachs and Eisenreich, 2000; Lohmann and Lammel, 2004] , which could explain their observed atmospheric stability [see Lohmann and Lammel, 2004] . The association of organic tracer molecules, such as PAHs, to BC offers geochemists the possibility to infer the BC emission sources [Blumer, 1976] . In addition, stable carbon isotope ratios (d 13 C) are characteristic of different carbon sources and can be used to trace the origin of BC, provided the signature does not change from fuel to the aerosols. Currie et al. [1999] concluded that aerosols from controlled burning experiments retained the d 13 C signature within the range of the fuel's isotope heterogeneity.
[7] For this study, we analyzed previously collected deep sea surface sediments from across the South Atlantic. Our objectives were to (1) quantify the presence of soot-like BC and PAHs in deep sea sediments and derive their fluxes; (2) interpret the PAH and d 13 C signatures to infer possible sources of the soot BC; (3) compare our sediment-based soot BC fluxes with those independently estimated from an aerosol-climate model; and (4) make inferences on the importance of atmospheric deposition versus riverine discharges of soot BC for the South Atlantic.
Materials and Methods

Sediment Samples
[8] Available sediment samples were taken by multicorer and box corers during several expeditions which have been primarily financed by the German Research Foundation (DFG) over the last 20 years Zabel et al., 2003] . After recovery, sediment cores were sliced immediately and stored at 4°C until their processing at Bremen University. Subsamples were freeze-dried, ground with a mortar and stored. The top (0.5 or 1 cm) sediment layer subsamples were shipped to URI-GSO individually packaged in cold storage. These samples were analyzed at URI-GSO in a special clean laboratory, which is served by its own dedicated air handler with HEPA filters for the removal of fine particles. About 5 g dry weight sediment samples were analyzed for soot BC, total organic carbon (TOC), PAHs and d
13
C. Sediment samples' coordinates, sampling dates, sedimentation rates, sample ages and water depths are given in Table 1 .
Sedimentation Rates
[9] Previously published sedimentation rates (SR) were used to estimate the ages of the sediment surface layers (see compilation by Drs. Seiter and Zabel in World Data Center for Marine Environmental Sciences (WDC-MARE), http:// www.pangaea.de). For locations where no age models exist, SR were approximated from adjacent locations with similar water depth [see also Middelburg et al., 1997] . Accumulated sedimentation ages were calculated as the ratio of the thickness of the sampled surface sediment layer over the associated SR. Integrated sediment ages varied from mostly 20-100 years off the African coast to mostly 200-400 years off the South American coast ( Elmquist et al., 2006; Nguyen et al., 2004] . Soot BC was isolated by thermochemical oxidation at 375°C (CTO-375) following [Elmquist et al., 2004; Gustafsson et al., 2001; . Method CTO-375 has been shown to be a selective and reproducible method optimized to isolate soot BC [e.g., Hammes et al., 2007] . Furthermore, the soot BC method was geochemically consistent in downcore records that were decoupled from OC, but follow society's fuel history [e.g, Elmquist et al., 2007; Louchouarn et al., 2007] .
[11] Sediment subsamples were dried, ground and sieved (<425 mm), and spread as a thin film in prebaked porcelain crucibles. The labile OC was removed by thermal oxidation at 375°C under airflow (Compressed Air, Airgas Inc.) for 24 h in a Barnstead Thermolyne 47,900 Furnace. Hydrochloric acid (1 M, Mallinckrodt Analytical Reagent) was added dropwise with a pipette to remove carbonates until no more bubbling was observed. The remaining carbon con-stituted the soot BC fraction. TOC and soot BC were analyzed for %C and d 13 C on a Carlo Erba NA 1500 series II Elemental Analyzer attached to a continuous flow isotope ratio mass spectrometer (Micromass Optima) at the EPA laboratory. The method detection limit (MDL) was approximately 100 ng per sample, with the lowest soot BC samples containing at least 400 ng per sample.
[12] Differences in the relative abundance of stable carbon isotopes 13 C/ 12 C are expressed in the d 13 C (in %) notation, relative to Pee Dee Belemnite (PDB). Stable carbon ratios were calculated in terms of
where R sample is the ratio of 13 C/ 12 C in the sample, and PDB represents the 13 C/ 12 C ratio in the C standard, R standard . Methyl urea (Mallinckrodt Chemicals) and a certified reference material, dogfish (National Research Council Canada) were used as quality assurance standards.
PAH Analysis
[13] After addition of 50 mL of an internal standard solution containing deuterated PAHs (d 10 -acenaphthene, d 10 -phenanthrene, d 12 -chrysene and d 12 -perylene; 5 ng mL À1 in nonane), sediments were thrice extracted in a metabolic shaker using acetonitrile and hexane as described elsewhere [Hartmann et al., 2004] . The resulting hexane extracts were combined and concentrated to $1 mL on a rotary evaporator and treated with copper to remove elemental sulphur. The extract was passed through an activated silica column using hexane and concentrated to $30 mL. 50 mL of d 14 -terphenyl (5 ng mL À1 ) was added as an injection standard before analysis.
[14] Samples were analyzed for PAHs on an Agilent 6890 gas chromatograph (GC) coupled to an Agilent 5973N mass spectrometer (MS) operated in the negative electronic ionization mode. For each sample, 1 mL was injected in the splitless mode onto a Varian Factor Four VF-5MS column (30 m, internal diameter 250 mm). Column flow was constant at 2 mL min À1 . The temperature program was as follows: hold 60°C for 3 min, increase to 120°C at 3.5°C min
À1
, increase to 315°C at 8°C min À1 , and hold for 8 min. The injection port was maintained at 300°C, and the MS transfer line at 280°C.
[15] PAHs were identified by retention time and mass in selected ion monitoring. They were quantified relative to the nearest internal standard. Quantification was accomplished through the application of a six-point calibration curve by running a series of standards containing the internal and injection standards and native compounds every 15 samples. Relative response factors were derived for each compound and used to correct the peak area for differences in ionization between analytes. Mean recoveries of the internal standards were 92% for d 10 -acenaphthene, 97% for d 10 -phenanthrene, GeoB is the acronym for the Department of Geosciences at Bremen University, where each sample has been assigned to a specific location, water depth, cruise, and cast. Additional information for each sample can be found by its GeoB number at Publishing Network for Geoscientific and Environmental Data (http://www.pangaea.de) or WDC-MARE (http://www.wdc-mare.org).
b See in WDC-MARE; n/a is not available. 97% for d 12 -chrysene and 110% for d 12 -perylene. Sediments were analyzed for 26 PAHs (Table 2) . PAH concentrations in laboratory blanks ranged from 4 to 17 ng per sample, typically <10% of sediment values. The MDLs for individual PAHs were on the order of 50 -100 pg per sample. Samples were not corrected for blank values. [16] Simulations were performed at the Max Planck Institute (MPI) for Meteorology for the years 1860 to 2000 with the coupled aerosol-climate model ECHAM5-OM1-HAM comprising the ECHAM5 atmospheric and OM1 oceanic general circulation model, and the microphysical aerosol module HAM. The temporal evolution of anthropogenic greenhouse gas concentrations and anthropogenic aerosol emissions were prescribed. ECHAM5 [Roeckner et al., 2003 ] is the 5th generation climate model developed at the MPI for Meteorology, evolving from the model of the European Centre for Medium-Range Weather Forecasts. The microphysical aerosol module HAM [Stier et al., 2005] incorporates the dominant global aerosol components: sulfate, BC, particulate organic matter, sea salt, and mineral dust. The aerosol size distribution and mixing state are represented by the superposition of seven partially internally mixed modes. The composition of each mode is prognostic within the allowed mixing state configuration and determined by the governing microphysical processes of coagulation, condensation, and water uptake [see Stier et al., 2005; Vignati et al., 2004] . BC is emitted into the internally mixed hydrophobic BC Aitken mode and transferred by microphysical aging, i.e., the coagulation with hydrophilic modes and the condensation of sulfuric acid, to internally mixed hydrophilic Aitken, accumulation, and coarse modes. Hydrophobic particles coated with at least a monolayer of sulfate are transferred to the hydrophilic mode of the same size class. For wet deposition, differentiation between the hydrophobic and hydrophilic modes is represented in the form of mode-specific semiempirical scavenging parameters, with reduced scavenging ratios for the hydrophobic modes [see Stier et al., 2005] .
Atmospheric Model Description
[17] Time series of the annual mean emission fluxes for anthropogenic carbonaceous aerosols from 1860 to 2000 have been provided by Toru Nozawa et al. (Japanese National Institute for Environmental Studies (NIES), personal communication, 2004) . The inventory includes emissions originating from biomass burning, biofuel, agricultural activity, and fossil fuels. Fuel uses are based on several databases from the Food and Agriculture Organization of the United Nations (FAO), Global Emissions Inventory Activities (GEIA), and energy statistics in each nation. It should be mentioned that even for present-day emission inventories significant uncertainties exist. They differ by as much as a factor of two for fossil fuel use [e.g., Schaap et al., 2004] and are even more uncertain for biomass burning emissions. These uncertainties propagate 
Validity of Soot BC Measurements
[18] There is ongoing discussion on the most suitable methodological approach to determining BC in the environment [e.g., Hammes et al., 2007] . Following is the available evidence that our measurements gave accurate results for soot BC:
[19] 1. The soot BC concentrations are similar to those published by other groups (see below), suggesting that our numbers are reasonable.
[20] 2. Gelinas et al. [2001] noted that previous measurements of soot BC by method CTO-375 in sediments might have been biased because of charring of the sedimentary organic matter. This was illustrated with a graph displaying the determined soot BC fraction versus OC content, yielding increasing soot BC concentrations with increasing OC content. We have plotted the same variables, and obtained no significant correlation (Figure 1 ). We take this as further evidence that our measurements were not significantly affected by charring. This might be partially due to the fact that soot BC isolation was performed under a stream of air to ensure proper oxidation.
[21] 3. We analyzed both TOC and isolated soot BC for their d 13 C values (Table 2 and below). For most sediment samples, there was a significant difference between the d 13 C values of soot BC and OC, indicating again that they constitute two different pools of carbon, and that we isolated a subfraction with different properties.
[22] 4. We routinely included BC reference materials, as recommended by [Hammes et al., 2007] . Our results compare well to other CTO-375 methods: 1.63% ± 0.13 (n = 4) for urban aerosols SRM 1649a, 0.52% ± 0.14 (n = 4) for marine sediment SRM 1941b, 0.08 and 0.13% for Vertisol and Mollisol, two soils. Blank samples (muffled sand) and false positive matrices (melanoidin, risotto char and wood char) all returned zero soot BC.
[23] 5. Finally, derived soot BC fluxes compare well with estimates based on atmospheric emission models (see next section).
Results and Discussion
Sedimentary Soot BC and Soot BC/TOC Ratios
[24] Soot BC was detected in all sediment samples from the South Atlantic, at concentrations ranging from 0.04 to 0.17% dry weight (dw). There was no significant difference between samples off the African or South American coasts (Table 2) . Our concentrations were comparable to the few other reported concentrations of soot BC in offshore ocean sediments. For example, soot BC accounted for $0.05-0.16% dw in sediments from the Iberian margin in the Atlantic [Middelburg et al., 1999] , and $0.01-<0.2% dw in Pan-Arctic river sediments [Elmquist et al., 2008] and sediments from the Gulf of Maine [Gustafsson and Gschwend, 1998 ].
[25] Soot BC/TOC ratios were calculated for the South Atlantic sediments, and ranged from 0.03 to 0.34 (Table 2) . Relatively low soot BC/TOC ratios were determined in African margin sediments, with soot BC accounting for an average of 0.05 ± 0.03 (n = 9; range of 0.03 -0.12). In fact, with two exceptions, all samples had soot BC/TOC ratios of 0.03 -0.04. In contrast, sediments in the western South Atlantic were characterized by higher soot BC/TOC ratios (average: 0.19 ± 0.08, n = 14; range of 0.07 -0.34). The Santos plateau and the southwestern Brazil basin were characterized by relatively low soot BC/TOC ratios of 0.08-0.18. Soot BC/TOC ratios >0.20 were derived for the northern Brazil basin, in parts of the Amazon fan and in the West Argentine basin ( Table 2 ). The Amazon fan has been termed a ''sedimentary incinerator'' [Aller and Blair, 2006] , because of its high remineralization of OC, supporting our elevated soot BC/TOC ratios in those sediments.
[26] Soot BC/TOC ratios are the result of two independent processes, the fluxes of soot BC and OC (both terrestrial and marine) to the sediments and the remineralisation fluxes removing C from the sediments [e.g., Burdige, 2005] . The elevated fraction of soot BC off the South American coast could be explained by the generally lower sedimentation rates compared to locations sampled in the eastern South Atlantic. Most sediment samples analyzed off Africa had an age of less than 50 years, but an age of approximately 200 years and more off South America (Table 1) . A slower sedimentation rate means that fewer solids are efficiently buried over time [e.g., Hartnett et al., 1998 ]. This tends to enrich the more recalcitrant fractions of the carbon spectrum (e.g., soot BC). The soot BC/TOC ratios imply that soot BC is indeed rather refractory in deep sea sediments [e.g., Burdige, 2005; Middelburg et al., 1999] . In these deep sea surface sediment with 1% TOC, soot BC accounted for about 10-35% of TOC (Table 2) .
Flux Estimates of Soot BC to the South Atlantic Ocean
[27] Soot BC accumulation rates were calculated on the basis of measured dry bulk sediment densities (of the top 3 cm), the known height of the sample analyzed and its sediment age. Fluxes varied from $0.5 -7.8 mg cm À2 a À1 (Table 2) . Highest fluxes were calculated for locations in the eastern South Atlantic (on average 3.5 ± 2.4 mg cm À2 a
À1
). In the western South Atlantic, soot BC fluxes were significantly lower, presumably because they were dominated by atmospheric deposition from Africa, some 6,000 km to the East (on average 1.5 ± 0.5 mg cm À2 a
; Table 2 and Figure 2 ). On the African side, soot BC fluxes were highly variable. Highest fluxes (>6 mg cm À2 a À1 ) were off Cameroon and Angola, but only 2 -3 mg cm À2 a À1 in the Congo River fan. On the South American side, soot BC fluxes >1.5 mg cm À2 a À1 were derived for the western Argentine basin, the northern Brazil basin and the Amazon fan. Lowest soot BC fluxes were obtained for the southwestern Brazil basin (0.6 -1.0 mg cm À2 a
).
[28] The soot BC fluxes derived here for offshore South Atlantic sediments turned out to be much lower than fluxes reported previously for water bodies which were more impacted by anthropogenic emissions. For example, soot BC fluxes of $90 -190 mg cm À2 a À1 were estimated for the Gulf of Maine [Gustafsson and Gschwend, 1998 ]. Soot BC fluxes of 23 mg cm À2 a À1 and 890 mg cm À2 a À1 were reported for Lake Superior and Lake Erie, respectively [Buckley et al., 2004] . In contrast, [Smith et al., 1973] reported total BC fluxes of 0.01 -0.1 mg cm À2 a À1 in preindustrial Pacific deep sea sediments. These comparisons suggest that our derived fluxes are of the right order of magnitude, substantially above preindustrial fluxes of soot BC, but well below fluxes in water bodies closer to major anthropogenic emissions. So far, we have focused on soot BC abundance and fluxes, but have not addressed what the possible sources of the soot BC could have been. The samples were therefore analyzed for their isotopic and molecular signals to decipher the sources of soot BC.
Stable Carbon Isotope Values (d 13 C) of Soot BC and OC
[29] The isolated soot BC fractions and TOC samples were analyzed for d 
Typical d
13
C for marine phytoplankton are around À19% (À18 to À22%) . C 3 plants average $À26% (À23 to À28%), while C 4 plants display average d
C values of $À13% (À12 to À16%) [Farquhar et al., 1989] . As fossil fuels are the by-products of organic material, they are depleted in 13 C similar to C 3 plants (around À26%) [Farquhar et al., 1989] . Although there were subtle differences between the d
13 C values, they did not unequivocally separate the eastern from the western sedimentary carbon pools. Off Africa, the d 13 C of soot BC in all but one of the sediments was within À24.5 to À26.5%, consistent with the burning of C 3 plants. A similar range of d 13 C values was observed for aerosols originating from African biomass burning [Cachier, 1989] . In contrast, d
13 C values of the OC pool were mostly around À19 to À22%, similar to phytoplankton. Only the two OC fractions from the Congo River fan displayed d
13 C values of À23 and À30%, suggesting at least a partial terrestrial origin for the OC present in these sediments, as would have been expected.
[30] On the South American side, d
13 C values of the soot BC were around À23 to À26%, while d 13 C values of the OC varied from À18 to À24%, with most values around À18 to 21%. Samples from the Argentine basin were characterized by the lightest d
13 C values of À26 to À27% for soot BC, and À22 to À24% for OC, indicating a strong terrestrial influence in the sediment. Sediments from the Santos plateau and the Brazil basin displayed typical marine d
C values for the OC fraction (À18 to À22%), while the soot BC values (À23 to À26%) were consistent with a terrestrial origin. These OC and soot BC values were also measured in samples from the Amazon fan, although there was one sample each with distinctly lighter OC (À24%) and soot BC (À26%) values.
[31] These results also clearly demonstrated that the isolated soot BC fraction was fundamentally different from the surrounding OC, hence charring did not affect our results as discussed previously (see also Figure 1 ). Most OC samples reflected a marine origin, with the exception of samples from the Congo River fan, and a few samples off South America, which showed some evidence of terrestrial origin. The d
C values of the soot BC measured in the South Atlantic were consistent with a major terrestrial carbon source, but could not discriminate between biomass burning and fossil fuel use. Analysis of PAHs and diagnostic ratios were used to further characterize the emission sources of the soot BC.
Molecular Evidence for the Origin of Sedimentary Soot BC
[32] Total PAH concentrations varied greatly, from a few ng g À1 in the deep sea sediments off the South American coast to 100s ng g À1 near the African coast (Table 2 ). Higher PAH concentrations off the African coast were expected in view of the prevailing wind regimes delivering emission plumes from the African continent westward, and additional riverine discharges. Highest PAH concentrations were obtained in samples from the Congo River fan on the African side (770 ng g À1 ), and from the Amazon fan on the South American side (230 ng g À1 ), suggesting riverine inputs of PAHs.
[33] Dominant PAHs were phenanthrene (47%), followed by methylphenanthrenes (17%) and fluoranthene (5%). PAHs in a series of Pacific deep sea sediments, presumably from atmospheric long-range transport [e.g., Jaward et al., 2004; Nizzetto et al., 2008] , were dominated by phenanthrene, followed by benzofluoranthenes and perylene [Ohkouchi et al., 1999] .
[34] More information about the origin of the soot BC and associated PAHs was gained by deciphering their molecular signature [Yunker et al., 2002] . The methylphenanthrenes/ phenanthrene ratios (SMe-phen/phen) were calculated for the sediments analyzed in Table 2 . In all but one sediment off Africa, ratios were around 0.1-0.3, strongly indicating the preponderance of combustion processes for those samples. The SMe-phen/phen ratio varied in the sediments off South America: in the Amazon fan, ratios were around 0.2, while ranging from 0.1 to 0.7 in samples from Brazil and Argentine (Table 2 ). The ratio of fluoranthene/(fluoranthene + pyrene) was above 0.5 for almost all samples, indicating that the combustion of grass, wood, and/or coal were responsible for the PAHs [Yunker et al., 2002] . The highest ratios ($0.8) obtained were for the samples off Africa and the Amazon fan, with the other samples around 0.75 (Table  2) . This further supports the conclusion that the majority of PAHs were combustion derived at all investigated sites. We were only able to determine the ratio of 1, 7-to 2, 6-dimethylphenanthrene for several sediment samples off the African coast, all yielding a ratio of close to 1. This would imply that vehicular traffic was more important ($2/3) than wood burning as a source of the PAHs, and thus by inference also of the soot BC in the sediments [Benner et al., 1995] . PAH ratios have been used frequently to apportion sources in coastal sediments [e.g., Yunker et al., 2002] , but the degree to which PAH ratios are conserved in deep sea sediments is unclear.
[35] Retene, an indicator of coniferous wood burning, was present at higher concentrations off Africa than South America (Table 2) . It also displayed a significant positive correlation with latitude along the African coast (r 2 = 0.87), and a negative correlation with longitude across the South Atlantic (r 2 = 0.43), similar to total PAHs (r 2 = 0.46) (data not shown). This was in contrast to soot BC fluxes, which had a much weaker correlation with longitude (r 2 = 0.31). These results could suggest that soot BC was more persistent than PAHs, that the African sediments received additional PAHs from river discharges, or a combination of both.
[36] We had hypothesized that PAHs would be preferentially adsorbed to the soot BC, and thus give insights into its sources. SPAHs correlated significantly with the sediment OC fraction (r 2 = 0.62) (Figure 3a) , but only to a lesser degree with the soot BC fraction (r 2 = 0.08, Figure 3b) . The difference between the transport of SPAHs and soot BC was also evident in the settling fluxes (Table 2) . Soot BC fluxes decreased on average two-to threefold from Africa to South America, whereas PAH fluxes decreased by five-to thirtyfold. This could be due to reactions rendering the soot BC's surface more hydrophilic which would tend to liberate the adsorbed PAHs [Czimczik and Masiello, 2007] and reactions depleting the PAHs. Alternatively, the lack of PAH and soot BC correlation could be explained by the mixing of two or more different sources of soot BC with distinct PAH signatures each, such as additional riverine inputs off the African continent.
Estimation of Soot BC Deposition to the South Atlantic Based on Published Emission Estimates
[37] As has become apparent in the preceding discussion, there is very little measured data on soot BC fluxes in oceans. We therefore turned to atmospheric emission and deposition modeling for estimates of BC fluxes to the South Atlantic. Preliminary elementary carbon (EC) deposition data for the South Atlantic was obtained on the basis of model simulations performed with a coupled climate model for the period of 1860 -2000 [Stier et al., 2006] . In the atmospheric community, EC is often measured by optical methods [e.g., Currie et al., 2002] . Transient EC emission fluxes from 1860 to 2000 from fossil fuel combustion, domestic fuel wood consumption, agricultural waste burning, and forest fires are prescribed from a compilation by T. Nozawa et al. (NIES, personal communication, 2004) . The global annual total aerosol and aerosol precursor emissions from 1860 to 2000 are dominated by forest fires and fossil fuel uses (Figure 4a) .
[38] These results were derived from transient climate simulations produced for the International Panel on Climate Change (IPCC). In these simulations, wet deposition of EC to the ocean surface dominated over dry deposition. Historical deposition fluxes were summed to cover the same time period as accumulated in the sediments. EC flux estimates were higher off the African coast than off South America. Off Africa, simulated EC fluxes were highest off Cameroon (7.5 mg cm À2 a À1 ), and approximately half that in the Congo fan (3.3 mg cm À2 a
À1
). Off South America, ), while simulated EC fluxes were around 0.6-0.8 mg cm À2 a À1 for the other regions.
[39] It is difficult to correctly convert EC fluxes to soot BC equivalents. Thermooptical transmission (TOT) methods, which are commonly used to detect atmospheric EC, yielded 2-4 times higher results for urban aerosols than method CTO-375 [Currie et al., 2002] . As both TOT and CTO-375 rely on a thermal distinction between OC and soot BC, we assume that a factor of 3 (2 -4) can be used to convert the TOT results to soot BC measurements based on CTO-375, with an approximately twofold uncertainty. The atmospheric modeling results simulated average soot BC settling fluxes off Africa of $0.5-2 mg cm À2 a
, and around 0.5 -1 mg cm À2 a À1 off South America. The Dickens et al., 2004a Dickens et al., , 2004b . Overestimations could result from soot BC being transformed to dissolved organic carbon (DOC) [e.g., Hockaday et al., 2006] . Measured soot BC fluxes exceeded simulated fluxes on average 3.3 times in the Congo fan region, and 5.7 times in the Amazon fan region, potentially highlighting the importance of riverine soot BC delivery to the sediments. The Congo (Zaire) delivers $48 Gg total suspended solids (TSS) a
. Soot BC constitutes on average 0.2% of TSS in rivers [Mitra et al., 2002; Elmquist et al., 2008] . If all soot BC was retained within the southwestern African regional province (see Table 3 ), an additional 2.4 mg soot BC cm À2 a À1 would be delivered. Discharge of soot BC from the Congo would hence close the gap between simulated ($1.1 mg cm À2 a
) and measured ($3.6 mg cm À2 a
) soot BC fluxes. This is also inline with the observed terrestrial d 13 C signature of the OC in Congo River fan sediments (see above).
[40] Conversely, soot BC fluxes in sediments from the Amazon fan region ($1.6 mg cm À2 a
) exceeded simulated atmospheric deposition (0.3 mg cm À2 a
) by $1 mg cm À2 a À1 . If the total TSS discharge from the Amazon ($1.2 Pg TSS a
) was retained in the Brazilian continental margin, it would result in soot BC fluxes of $120 mg cm À2 a À1 (if BC constituted 0.2% of TSS). The fact that much less BC was detected in the Amazon fan could be due to the efficiency of the Amazon fan in remineralizing carbon [Aller and Blair, 2006] .
[41] Similarly, measured sedimentary soot BC fluxes also exceeded simulated fluxes in regions outside of big river fans, such as the Argentine basin, Santos plateau and southwestern Brazil basin. Measured soot BC fluxes exceeded simulated fluxes by the largest margin (7 times) [42] Results from the ECHAM model suggested that biomass burning plumes during the Southern Hemisphere's summer contributed most of the soot BC to the South Atlantic (Figure 4b ). For present-day conditions, atmospheric BC deposition over the South Atlantic originates at low latitudes from vegetation fires and biofuel use in southern Africa and at midlatitudes from the Amazon region. The importance of natural fuels was only partially reflected in the PAH results, while both model results and measurements point toward combustion processes as the main emission sources (see above).
Budget Estimates of Soot BC Deposition to the South Atlantic
[43] Depositional fluxes of soot BC were computed for the different regional provinces from which sediments were analyzed (Table 3 ). The average soot BC flux was extrapolated to the entire provincial region [Seiter et al., 2005] , and compared to the regional flux of particulate organic carbon (J POC ). Highest soot BC fluxes were calculated for southwest Africa, at around 66 Gg a
À1
, with another 10 and 15 Gg a À1 of soot BC deposited to the Argentinean and Brazilian continental margins, respectively. The soot BC fluxes to the sediments comprised around 1% of J POC , from 0.7% off the African coast to 1.1% off the Argentinean coast (Table 3 ). The lower contribution of soot BC fluxes to J POC were obtained for the high-productivity (and settling) areas off Africa and the Brazilian continental margin. No sediment samples from the interior of the South Atlantic were analyzed in this study. If we assumed that soot BC accounted for $0.7-1.1% of J POC , then the interior South Atlantic would bury an additional 390 -610 Gg a À1 soot BC. In total, we estimate that the South Atlantic buried around 480-700 Gg soot BC a À1 in surface sediments below 1000 m water depth. This estimation of soot BC deposition excludes the region of highest simulated atmospheric deposition (south of equator, see Figure 4b ). The export flux of soot BC in the South Atlantic is comparable in magnitude to an estimated flux of 400-800 Gg soot BC a À1 to the continental shelf off New England [Gustafsson and Gschwend, 1998 ]. The predicted PAH burial flux for the South Atlantic is on the order of 26 Mg a À1 for the sample regions analyzed (Table 3) . In contrast to soot BC, there is evidence that the majority of PAHs do not reach great depths [Bouloubassi et al., 2006] .
[44] The South Atlantic is estimated to receive a total discharge of $650,000 Gg TSS a À1 from rivers [Ludwig and Probst, 1998 ], resulting in a soot BC flux delivery of $1,300 Gg a À1 (if BC constituted 0.2% of TSS). These flux estimates suggest that for the South Atlantic, atmospheric deposition fluxes (including the equatorial deposition) might be as important as the riverine delivery of soot BC. Other studies imply the predominance of riverine soot BC delivery over atmospheric deposition [Mitra et al., 2002; Elmquist et al., 2008] . Elmquist et al. [2008] ). Riverine discharges could have been overestimated because of old BC being exported, or lower TSS fluxes [Elmquist et al., 2008] . Our results imply that the atmospheric delivery of soot BC can play a significant role for an ocean basin, such as the South Atlantic. On the basis of global climate model runs, atmospheric deposition is also expected to be an important BC vector for the Indian Ocean. This suggests that attempts to construct a global mass balance of BC should include estimates of the atmospheric deposition of BC.
Conclusion and Outlook
[45] Our results imply that soot BC is refractory in deep sea sediments accounting for up to 35% of TOC. The bulk of soot BC is stored in the most remote sediments of the South Atlantic, in which we expect soot BC to contribute substantially to TOC. The d 13 C of soot BC measured in the South Atlantic were consistent with a major terrestrial carbon source. Analysis of PAHs and diagnostic ratios were used to characterize emission sources of the soot BC, suggesting the preponderance of combustion, particularly traffic emissions. In contrast, model results simulated BC emissions predominantly from forest fires and biomass burning. Future work should look at additional ways of attributing its sources.
[46] A reasonable agreement (factor of 2 to 4) was found between soot BC fluxes from an atmospheric model and measurements in the sediments. On the African side, riverine delivery of soot BC could have accounted for the discrepancy, but not off South America. Off Africa, higher PAH/soot BC ratios, higher concentrations of retene and the d 13 C values of the OC all supported additional, terrestrial carbon sources to the sediments. Additional effort is needed to constrain the importance of rivers in delivering soot BC to South Atlantic sediments and the role of soot BC losses to the DOC pool. Our results imply that the atmospheric delivery of soot BC can play a significant role for an ocean basin, such as the South Atlantic. Ideally, future work should aim to also measure these fluxes in other ocean basins, in the sediments, water column and atmosphere.
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